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Introduction
Ongoing climate change and the much-discussed depletion of fossil fuel resources have increased the focus on renewable energy during recent decades. The forests and sustainable forest management provide renewable raw material and energy supply, and wood has been recognized as one of the main biomass reservoirs. Two principal sources of dendromass have been identified: the remains from timber harvesting and the wood-processing industry, and short-rotation crops from fast-growing tree species; the latter is given higher priority in Europe (Ericsson et al. 2006) .
Cultivation of short-rotation crops usually involves estimation of the total lignified biomass production, which is based on plantation density and individual plant dendromass. Volume, assortment, growth and yield tables have been developed for proper timber appraisal and management of black poplar hybrids in Bulgaria (Krastanov et al. 2004a, b) , but the allometric patterns of the lignified biomass at early stages of growth and in relation to energy crop cultivation have not yet been investigated. Most studies on energy crops use the general allometric equation (Huxley 1972) , by relating the dry biomass weight to a power function of tree diameter at a certain height above ground to evaluate the individual plant mass (Walle et al. 2007 , Paris et al. 2011 , Verlinden et al. 2015 . The resulting estimates are reliable since the power-law relationships are characterized by scale invariance (self-similarity) and universality (Marquet et al. 2005) . However, the derived allometries are species/ genotype-, site-and age-specific and expansion of the predictions of such peculiar, local-type models to larger scales would lead to biased predictions due to the likely dependence of the relationships on the growth conditions and stand characteristics.
Some of the hybrid black poplar clones (Populus deltoides x P. nigra) are described as having thin branches ('I 45 51','Agathe', 'Luisa Avanzo'), while thick branches are characteristic of other clones (e.g. 'I 214') (Tsanov & Mikov 1997) . A study by Sixto et al. (2014) showed that clone 'I 214' and particularly 'MC' are characterized by relatively low branchiness. These observations suggest that the biomass allometry of hybrid black poplars might be clone-specific. Previous research on other species has shown that biomass allocation may depend also on site factors and stage of stand development (Porté et al. 2002 , Arrevalo et al. 2007 , Paul et al. 2013a . Twelve types of sites afforested with poplars have been distinguished in Bulgaria (Marinov et al. 1982) . These are grouped into three categories according to their geographical location (along the bank of Danube, along the banks of the interior rivers and in wet valleys), and the principal criterion for their classification is the availability of underground water. Consideration of stand age, as suggested by e.g. Porté et al. (2002) and Bond-Lamberty et al. (2002) , along with clone and site, as other possible covariates in the biomass models would yield a huge number of clone x site x age combinations, and development of a local model for each particular combination would be unjustified and unreasonable. Studies by Paul et al. (2013a,b) also suggest that each such combination must include at least 6-7 measurements for consideration in the analyses (e.g. ANCOVA), which would greatly increase the time and effort required for data collection.
Alternatively, generalized deterministic and mixed-effects model forms have been considered as different ways of localizing allometric models to specific stands (Stankova & Dieguéz-Aranda 2013) . While purely deterministic model specifies the biomass allometry by inclusion of stand-level predictor variables (e.g. Bond-Lamberty et al. 2002; Shaiek et al. 2011) , the mixed-effects model characterizes the variability between different locations through the random components of the model parameters; the latter cannot be applied appropriately without a supplementary sample of observations or stand-level data to calibrate the random components (Stankova & Dieguéz-Aranda 2013) . The main objective of this study was to investigate the allometry of aboveground leafless biomass of juvenile black poplar hybrids (Populus deltoides x P. nigra), traditionally used for timber and cellulose production, and to derive biologically and statistically sound generalized (generic) models for dendromass prediction, relevant to cultivation of energy crops in Bulgaria.
Materials and methods

Data collection
Data and sample collection took place in 2 to 6-year-old 1) industrial and 2) experimental poplar plantations and in 3) an experimental nursery plantation of one-year-old saplings ( Table 1 ). The first data source consisted of the fifteen permanent sample plots in hybrid black poplar (Populus deltoides x P. nigra) plantations destined for timber production, which were used to parameterize biometric models for the total aboveground biomass and is described in detail in Stankova et al. (2015) . The second data source was presented by 250 m 2 experimental plot of clone 'I 214' (Table 1) established on cultivated, carbonate-rich Haplic Kastanozem in the proximity of a cement plant near a tributary of the river Iskar in north-western Bulgaria, where dendromass of respectively 5 and 3 trees was sampled at ages 2 (March 2012) and 4 (November 2013) years (Table 1) . The third sampling source was an experimental plantation growing on 4284 m 2 of nursery land near Danube and consisting of four poplar clones planted at three initial densities (Table 1). The trial plantation was established on Haplic Kastanozem in March 2014, in a randomized complete block design with four replications. Each plot (clone´density combination) was arranged in double-row plantation design with alternating inter-row distances of 0.5 and 1.8 m. The intervals between the plants within the rows were 0.5, 0.75 and 1m, yielding overall planting densities of 17390, 11595 and 8700 stems per hectare, respectively. Twenty-six plants per clone (3 to 6 trees per clone x density x replication combination from two of the blocks) were sampled from 100% rooted 3 m-long strips of the rows in November 2014 (Table 1) . Dendromass data of trees that had both stem and branches (44 saplings) were used in the data analysis to avoid possible experimental error due to subjective factors. For all data subsets, mean stand/stock height was Note. Abbreviations: P -sample from industrial plantation, EP -sample from experimental plantation, NS -sample from experimental nursery stock; dbh -breast height diameter of the tree (cm), h -total tree height (m); H -average height of the stand/stock to the nearest meter (m); ws -dry biomass of stem (kg); wb -dry biomass of branches (kg); wt -total aboveground dry dendromass of the tree (kg); a -average variable values with minimum and maximum values shown in brackets.
Table 1
Description of the experimental data used to derive the aboveground dendromass models determined from the plot data as a weighted average according to the tree basal areas (Lorey's formula). Each sample tree was cut to the ground at 5 cm maximum stump height, and stem length and breast-height tree diameter were measured to the nearest 1.0 cm and 0.1 cm, respectively.
The stem and the branches of each tree were separated and weighted in situ, to the nearest 0.005 kg. Five stem and 3 branch samples from each plantation-grown tree, and 1 stem and 1 branch samples per clone x density x replication combination of the experimental nursery stock were assembled and their fresh weight was measured in the field. The samples were oven-dried at 105 °C to constant weight and measured to the nearest 0.001 kg. Proportion of dry mass relative to the fresh sample weight was averaged from the samples of each fraction within the tree and was used to estimate the total amount of dry mass of the respective tree compartment.
Modelling rationale
Energy crops have been defined as short-rotation, high-density systems of selected genotypes grown under specific cultural regimes (Ceulemans & Deraedt 1999) . Ceulemans & Deraedt (1999) reported that optimum rotation time and plantation density for poplar energy plantations are generally 4 years and 2500 to 10 000 plants per hectare, respectively. Consequently, the poplar crops cultivated for timber and cellulose production (the first data source) do not provide the most representative data for our study. Branches are usually removed from saplings in nursery stocks during the first year to encourage stem growth. For this reason, we only used one-year-old ramets from an experimental nursery plantation, designed to investigate poplar clones and stocking rates relevant to short-rotation cropping. Sampling of older plants, 2 to 6 years of age, was possible mainly from industrial plantations at planting density as low as 330-550 stems per hectare (Table 1) . This influenced our sampling data in two ways. First, the range of tree sizes explored was greatly extended due to the large, practically unrestricted by competition, growth space. This specificity of the data set was addressed by applying rigorous tests on the data-model agreement, such as tests for outliers, influential and leverage points (Table 2) , which detect whether certain observations exert undue "influence" on the coefficients of one model compared to another (Sileshi 2014) . The second peculiarity of the plantation data was that the saplings used for afforestation were exposed to the already-mentioned pruning during the first year of growth in the nursery. Although pruning is a management activity aimed at growing high quality timber, it can be expected to change the ratio between the aboveground woody compartments, increasing the proportion of the stem at the cost of the branches. However, removal of branches would inevitably be balanced by development of new twigs due to the release of additional nutrients and to the need to recover the reduced photosynthetic area. We assumed that the equilibrium between the tree dimensions (e.g. height and diameter) and the biomass of the tree fractions will be restored within a short time, e.g. during the first vegetation period after the plantation establishment, and the noted data deficiency will be offset. Our assumption is in agreement with the concept of a dynamic model of plant growth (GreenPlant) by Mathieu et al. (2009) where the plant is considered as a collection of interacting 'sinks' that compete for the allocation of photosynthates coming from 'sources'. Based on the model, the authors derived the inference that in the early stages of plant growth, the ratio of biomass to demand increases and induces a fast increase in the growth unit size, which then stabilizes and oscillates due to the appearance of branches (Mathieu et al. 2009 ). In concordance with our assumption, Desrochers et al. (2015) found that hybrid poplar trees pruned to 2/3 crown length produced nearly twice as many epicormic branches with over twice the biomass of 1/3 pruned trees within 2 vegetation periods, which was interpreted as a means for trees to restore the balance between leaf area and non-photosynthetic organs. However, the specificities of our data deduce the tentative nature of the derived dendromass models and for this reason they must be viewed as preliminary. They can be applied for estimation of aboveground lignified biomass from black poplar energy crops until more appropriate data are collected and the estimation procedure is repeated to develop new generic allometric models.
We applied analytical data screening and biological rationale to combine the factors influencing the studied biometric relationships into a smaller number of predictor variables. The number of the trees, which we sampled from each clone was proportional to its availability in the poplar plantings. Therefore, the black poplar hybrids investigated here were not equally presented in our data set and considering also the limited amount of data, which we utilized (102 trees), we did not differentiate our models according to clone. Our decision is supported by the conclusion of Al Afas et al. (2008) , who studied 17 poplar clones belonging to six parentages and found that one equation could be used to estimate aboveground biomass production of all clones. Our choice to disregard the clone as a categorical predictor variable was substantiated also by the statement by Sileshi (2014) that a sample size of around 50 is required to estimate parameters accurately with Ordinary Least-Squares, if only breast-height tree diameter is used as a predictor, but with multiple predictors the sample size must be doubled or tripled depending on the number of parameters to be estimated.
Replanting is usually carried out during the first three years after establishment of industrial plantations, to replace dead plants. The trees in the plantation may therefore differ in age by as much as 3 years, which is a significant variation considering the narrow age range investigated; therefore the inclusion of tree age as a predictor variable seemed unreliable. Data collection took place on a variety of growth sites and soil types along the banks of rivers Danube (northern Bulgaria), Maritsa and its tributaries (south-eastern Bulgaria), and on agricultural land near a tributary of the river Iskar in north-western Bulgaria. The average height of a stand or stock is a very good indicator of site quality and can also be used instead of age as an indicator of growth stage (Stankova & Shibuya 2003) . Unlike age, larger mean height will reflect not only the time since plantation establishment, but also better site quality and management on the one hand and stronger growth potential due to genetic factors (intrinsic growth rate, resistance and tolerance to adverse conditions) on the other. Consequently, it can be viewed as a composite quantitative variable, a product of the interaction between time since establishment and the growth conditions (abiotic and biotic). Li & Zhao (2013) stated that at large scales, such as the national level, height varies widely for a given diameter and that differences in tree height at the same breast height diameter also suggest differences in site quality. Taeroe et al. (2015) , who investigated biomass allometry of a hybrid poplar clone Populus trichocarpa x Populus maximowiczii (OP42) across southern Scandinavia using mixed-effects models to account for the variation due to site, found that model with only diameter at breast height (dbh) as predictor variable differed significantly among sites, but the inclusion of height as a predictor removed the site effect. We therefore considered total tree height (h) and mean stand/stock height H (m) as appropriate to localize the diameter-based allometric models to specific poplar stands/stocks and we finally used three principal quantitative independent variables: diameter at breast height, total tree height and mean stand (stock) height.
Model development
We examined the three selected quantitative variables and their products [ln(dbh), ln(h),
, 1/H) as predictors of the log-transformed aboveground dry mass of the lignified tree compartments (stem and branches) by stepwise and backward multiple linear regression analyses (Clutter et al. 1983) . Collinearity of the models, which were derived (parameter estimates significantly different from zero at P < 0.05), was assessed and controlled by estimating the condition number , Menéndez-Miguélez et al. 2013 . When a value above 30 was obtained, and considering the correlation matrix of the predictor variables, reduced-form model combinations were tested and proposed instead. Models with the selected predictor variables were then formulated and fitted by Ordinary Least-Squares Method (OLS). The model adequacy was assessed according to the requirement for biologically-logical model behaviour, by the adjusted coefficient of determination (Radj.), the root mean squared error (RMSE) and Akaike information criterion (AIC) and by a set of other nine model selection criteria (Stankova et al. 2015) , derived from Gadow & Hui (1999) , Paressol (1999), Picard et al. (2012) and Sileshi (2014) , and shown in Tables 2 and 3.
Next, the best models for each tree compartment were combined in a system of equations that were fitted simultaneously by applying Seemingly Unrelated Regression (SUR) to consider the cross-equation correlations (Parresol 1999, Burkhart & Tomé 2012) and taking into account the system additivity, which required that the estimate of the total lignified aboveground biomass equals the sum of the estimates of the individual compartments.
Log-linear regressions were preferred for fitting the final regression equations, as suggested by Xiao et al. (2011) and Sileshi (2014) , due to the multiplicative, heteroscedastic, lognormal error distribution. To convert the predicted values to arithmetic, untransformed units, additional correction for bias was required (Parresol 1999) and the ratio correction (Clifford et al. 2013 ) was applied. Correction for bias was performed for each of the tree compartments separately, followed by their summation to obtain unbiased estimate of the total lignified biomass. The corrections of the back-transformed data were followed by tests for mean errors equalling zero and two additional goodnessof-fit tests (Table 4) : Mean absolute relative error (MARE%), which shows the magnitude of the average absolute deviation relative to the value of the modelled variable and Model efficiency (ME), which is a relative measure of model performance analogous to the coefficient of determination, but of ideal value equal to zero (Gadow & Hui 1999) .
Cross validation is an important procedure in the development of predictive models and in this study, it was specifically adapted by considering that the total data set was limited to 102 observations. When the data do not have sufficient observations to create sizable parametrization and validation data sets that represent the population well, the K-fold cross validation is an attractive alternative with 5-fold or 10-fold cross validation providing a good balance between bias and variance (Sileshi 2014) . We performed 1000 runs, in each of which 20% of the observations were randomly selected for validation, while the remaining 80% were used to fit the models (i.e. 1000 runs of 5-fold cross-validation). Mean error and error variance were assessed for both the prediction and the validation data sets at the end of each run. The final mean error and error variance values that were compared were estimated as the average values over the thousand simulations.
Table 2
Model systems for the aboveground dendromass compartments of hybrid black poplars -goodness-of-fit tests 
Results
Three models were derived for dry stem biomass of hybrid black poplars as an outcome of the multiple linear regression analyses, but we could not derive an adequate model for the dry biomass of branches by means of stepwise and backward multiple regressions, and we therefore tested the five principal model formulations recommended by Clutter et al. (1983) and Burkhart & Tomé (2012) for modelling tree volume and biomass: combined variable, constant form factor, logarithmic, generalised logarithmic and Honer transformed variable models. Combinations of the selected stem and branch models were then formulated and examined to derive systems of equations for predicting the lignified aboveground biomass of hybrid black poplar clones. Our purpose was not only to derive adequate model systems of high predictive abilities, but also to enable flexibility in model implementation by considering different input variables (i.e. either total tree height or mean stand/stock height). These systems of models were rigorously examined using the set of goodness-of-fit criteria applied to the log-transformed model forms as well as to the back-transformed prediction data and via cross-validation (Tables 2-4) . We finally obtained three systems of biomass prediction models that meet all predefined selection criteria (Tables 2-4) .
Model system M1, based on both stand and tree height, yielded the smallest error values and captured the largest proportion of the biomass variation (Table 2) , but tendency to include redundant parameters (PRSE statistic in Table 3 ) and predictors (Condition number in Table 2 ) should be admitted. The system of models M2 based on tree height yielded better goodness-of-fit estimates than system M3, which uses the mean stand height (Tables 2, 4, Figure 1 ). Model formulations based on the principle tree dimensions diameter at breast height and total height, and the stand/stock mean height quantified the poplar stem mass with high level of precision (Tables 2-4). Allometric models for branches also produced unbiased estimates and a negligible percentage of outliers was recorded (Table 2 ), but notable prediction errors and amount of variation around the main trend were still present (Table 4), which deduced poorer fits for branch than for stem biomass. This flaw was not manifested in the total lignified biomass prediction (Tables 2, 4, Figure 1 ) that can be ascribed to the significantly lower proportion of branches (around 15% on average) from the total tree dendromass (Table 1) . Both mean errors and error variances estimated for prediction and validation data yielded similar values and the model efficiency criterion attained values close to the ideal nil value, particularly for the stem and total woody biomass (Table 4) . 
Discussion
The stem model forms derived here are products of power, exponential and composed functions (Table 2) , which describe the pace of increase at which each of the principal dimensional variables contributes to the aboveground dendromass growth. Models M1 and M3 predict stem growth as a power function of tree height (M1) or mean stand height (M3), which is consistent with the notion of growth as a multiplicative process. Power-form models have been shown to provide also the most adequate fit for the aboveground poplar biomass in studies by other investigators: for Populus deltoides in India (Ajit et al. 2011) (for system M3) were used to describe the biomass of poplar branches in this study (Table 2) . They suggest that the product between the cross-sectional stem area and the sapling height (i.e. dbh 2 h, see also Tables 2 and 3 ) is a good predictor of branch biomass. However, considering the high variability in branch biomass data (Figure 1b) , inclusion of additional independent variables such as crown length could be explored to increase the model accuracy.
In a study on Nothofagus antarctica tree allometry, Verónica at al. (2009) found that biomass allocation varied in relation to site quality following the optimal partitioning theory, which states that plants should allocate more biomass to the part of the plant that acquires the most limiting resource. Consequently, more biomass is allocated to the aboveground components in the best sites, while allocation to roots becomes more important in the worst sites. Our models also showed a positive correlation between site quality and aboveground dendromass growth. Branch biomass increased in proportion to the mean stand height in model systems M1 and M3, and site quality accounted even more strongly for the increase in stem biomass (e.g. in M3: w s~h1.3 ). The breast height stem diameter is a principal tree dimensional variable and its inclusion in the allometric biomass models is implicit, especially for trees of decurrent crown form (sensu Burkhart & Tomé 2012) . Some studies on tree allometry at juvenile stage, however, incorporate tree diameters at lower height above ground, such as 22 cm (Pontailler et al. 1997 , Dillen et al. 2013 , Verlinden et al. 2015 , 30 cm (Walle et al. 2007 ) and 100 cm (Paris et al. 2011 ). Pontailler et al. (1997 even speculated that in young stands, diameter at breast height (1.30 m) is not a pertinent parameter because of the small size of the tree. Our study, like others on juvenile poplars (Felix et al. 2008 , Fischer et al. 2011 , Arora et al. 2014 , supports the feasibility of measurement and use of breast height diameter in allometric biomass models of juvenile hybrid poplars for the simple reason that these are fast growing trees, and the height exceeds 1.3m even at one year of age. For single-stem trees, originated from cuttings, this parameter is also easier to measure than diameters at lower heights above ground. Our data showed that the average height of one-year-old cultivated black poplar stock exceeds 2 m (Table 1 ) and the percentage of trees that do not attain breast height is less than 5%. The dimensions and share of undersized plants suggest that omission of their contribution would not have a great impact on estimation of the total biomass yield from the plantation. Lignocellulosic poplar crops are usually managed by coppicing, which changes the tree form from decurrent to shrub-like (i.e. lacking a well-defined main stem). Consequently, instead of single-stem equations, multiple-stem-models might also be considered (Menéndez-Miguélez et al. 2013) . Predictors needed for such models often include diameter at root collar instead of diameter at breast height (e.g. Ciuvăț et al. 2013) , total height, number of stems and perhaps crown width (sensu Burkhart & Tomé 2012) .
Conclusions
Three systems of compatible generic equations were derived in order to estimate stem, branch and total lignified biomass by considering different input variables to allow flexibility of model implementation. Equation system M1 proposes a stem biomass model based on tree and stand heights and stem diameter, and a model for branches including mean stand height and breast height diameter. Although this model displayed the best goodness-of-fit characteristics and predictive power, it is the most demanding in terms of input variables. Model system M2 uses only the tree height and diameter and therefore is most relevant to dendromass determination in single trees or harvested saplings, while model M3 allows fast and sufficiently accurate biomass estimation of standing poplar stock, because it employs the average stand height and the individual tree diameters. All models are applicable to predict lignified aboveground biomass of juvenile Populus deltoides x P. nigra trees of diameter up to 21 cm and total height up to 16 m.
fast-growing tree species from genera Paulownia and Populus, and Robinia pseudoacacia, for biomass production for the needs of Zlatna Panega Cement Plc" (Contract №115, 2010) .
